Abstract: In the US upper Midwest, the narrow growing season causes many farmers to presume yield losses when reducing tillage. The purpose of this study was to determine how four production-scale tillage systems affected residue cover, stand populations, crop yields, and soil chemical, biological, and physical properties. Tillage systems (chisel plow, fall strip-till with shanks, spring strip-till with coulters, and shallow vertical till) were continued for 4 yr. Tillage effects within a site were few and mixed (0.17-0.36 Mg ha -1 difference), whereas site effects were common (0.50-3.00 Mg ha -1 difference). Among 19 soil properties, only fungal/bacteria ratios differed among strip-till with shanks (0.078) and strip-till with coulters (0.066) at one site. Our results suggest that many farmers' concerns about using conservation tillage practices do not necessarily translate into yield losses when compared to standard chisel plow practices. Economics and the level of erosion control among the tillage practices compared here, rather than yield alone, should guide farmer preferences.
I
n the upper midwestern United States, crop residue cover of the soil surface is vital for limiting soil erosion due to wind and water. Many farmers in this region are interested in building soil health. However, the narrow growing season and cold and wet springs following snowmelt lead farmers to have concerns about reducing tillage because of presumed losses in crop yields. Therefore, farmers struggle with balancing perceived long-term and short-term risks relevant to their local farm production (e.g., erosion vs. poor crop stands) (Knowler and Bradshaw, 2007) . Numerous short-term and several long-term tillage studies have been performed in the Midwest and upper Midwest regions of the United States (Daigh et al., 2018a) . These studies show mixed results of tillage influences on crop yields and soil health. However, there is evidence that reducing tillage in modern cropping systems may have lower risks to crop yields than historical systems (Daigh et al., 2018a; Wandel and Smithers, 2000) . These lower risks, if true, likely result from improved genetics, planter technologies, and crop management practices (Fischer, 2015) . However, researchers often used small plots and unrepresentative-size field equipment for the vast majority of these studies. Farmers, thus, may question whether results from such research accurately reflect what occurs with their full-production-scale, on-farm yields (Lessiter, 2015) .
To address these concerns, the objective of this study was to compare the effect of four on-farm and production-scale tillage systems (i) on crop residue cover, stand populations, and yields at two locations in the upper midwestern United States over 4 yr and (ii) on soil chemical, biological, and physical properties after 4 yr.
Materials and Methods

Site Description
The experiment was held on two farms near Barney, ND, and Fergus Falls, MN, that have more than a 30-yr history of tilled row crop production. Dominate soils at the Barney site are fine sandy loams: Wyndmere (coarse-loamy, mixed, superactive, frigid Aeric Calciaquolls) and Delamere (coarseloamy, mixed, superactive, frigid Typic Endoaquolls) soil series. Dominate soils at the Fergus Falls site are loams and clay loams: Barnes (fine-loamy, mixed, superactive, frigid Calcic Hapludolls), Buse (fine-loamy, mixed, superactive, frigid Typics Calciudolls), and Lakepark (fine-loamy, mixed, superactive, frigid Cumulic Endoaquolls) soil series. These soils have a geographical extent of 23.4 million ha (USDA-NRCS, 2019). The Barney site is on an ancient beach line of Lake Agassiz with underlying glaciolacustrian clay deposits causing poorly drained conditions, whereas the Fergus Falls site is on somewhat poorly drained glacial till (USDA-NRCS, 2019). Thirty-year mean annual precipitation and air temperatures for the region are 537 mm and 6.1°C (NOAA, 2019) . Detailed weather data are publicly available from nearby stations (i.e., ~15 km from the Barney site; ~10 km from the Fergus Falls site; NDAWN, 2019; Weather Underground, 2019) .
Experimental Layout, Tillage Treatments, and Field Management
Twelve full-field strips (plots each with dimensions of 12 m by ~800 m) were arranged in a randomized complete block design with three replicates at each site to compare four tillage-system treatments. Treatments were initiated in fall 2014 using full-production-sized equipment that were owned by the farmers or loaned by equipment companies. Treatments consisted of chisel plow (CP), fall strip till with shanks (STs), spring strip till with coulters (STc), and shallow vertical till (VT) (Daigh et al., 2018b) . Chisel plowing was done in the fall to 20 cm depth using straight shanks with sweeps at the Barney site and straight points at the Fergus Falls site and then field cultivated in the spring. The STs and STc were tilled to 20 and 15 cm depth, respectively, with fertilizer applied in-furrow during tillage. Annually, the STs and STc berms were moved to the edge of the previous season's plant stocks and root balls to prevent a poor seedbed for planting. The VT was tilled to 8 cm depth in the fall and in the spring to incorporate broadcasted fertilizers. Wet conditions in 2017 caused later-than-usual harvest as soils began to freeze. Therefore, farmers postponed all fall tillage operations until spring 2018.
Plots were in maize (Zea mays L.)-soybean [Glycine max (L.) Merr.] rotations with one crop planted each year (maize in 2015 and 2017; soybean in 2016 and 2018) . All nutrient, weed, and pest management were based on soil test and university recommendations for the region. The farmers performed all field operations (i.e., tillage, fertilizer, herbicide, and pesticide applications, planting, and harvest).
Crop and Soil Sampling and Analysis
Plant populations and crop residue cover were measured near V3 to V4 for maize and after the first trifoliate for soybean. Plant populations were determined along eight 1-m transects per plot. Crop residue cover was determined along eight transects per plot using the rope method (i.e., residue presence at 100 points along 15 m oriented 45° to plant rows). Crop yields were determined by combining the middle six plant rows along the entire plot length (~800 m), weighting the grain in calibrated weigh wagons, determining grain moisture, and adjusting yields to 13 and 15% moisture basis for maize and soybean, respectively.
Four years after initiating the tillage systems, soils were sampled at 0-to 15-and 15-to 30-cm depths near harvest in 2018. Soil pH was determined on a 1:1 soil-to-water suspension. Total N was determined by combustion with an automated Elementar rapid N Cube combustion analyzer (Elementar Americas, Inc.) as describe in Bremner (1996) . Total organic C was determined as the difference between total C with Elementar vario MAX CN analyzer and inorganic C as described in Nelson and Sommers (1996) and Loeppert and Suarez (1996) , respectively. Active C was determined by oxidation with KMnO 4 as described in Weil et al. (2003) . Microbial biomass, percentage soil microbial community as arbuscular mycorrhiza, total fungi, eukaryotes, actinomycetes, gram-positive and gram-negative bacteria, fungi/bacteria ratios, and cyclopropane/gram-negative bacteria stress ratios were determined by phospholipid fatty acid analysis and the Sherlock Microbial Identification System at MIDI laboratories (MIDI, 2019) . Water aggregate stability was determined as described in Moebius et al. (2007) . Bulk and particle densities were determined using the core method and water pycnometers, respectively, and used to calculate total porosity. Field capacity and permanent wilting point were determined as gravimetric water contents at -33 and -1500 kPa, respectively, using pressure plates. In situ steady-state infiltration was determined using double ring infiltrometers as described in Bodhinayake et al. (2004) .
Statistical and Economic Analysis
A mixed linear model was used to determine the effects of tillage system, site, and their interaction on the crop residue cover, plant populations, and crop yields for each year individually. Similarly, a mixed linear model was used to determine the effects of tillage system, site, soil depth, and their interactions on soil properties after 4 yr of initiating each tillage system. All analyses were performed in SAS software version 9.4 with means separated using Tukey's test at the 0.05 probability level (SAS Institute, 2013) .
The mean custom machinery rates for CP, STs, STc, and VT systems were estimated for maize and soybean based on the 2018 Iowa Farm Custom Rate Survey (DeJong-Hughes and Daigh, 2017; Plastina and Johanns, 2018) . The estimates included fuel, repairs, depreciation, interest, and labor for tractor and implements regarding tillage, fertilizer application, planting, herbicide and pesticide applications, and combining. The estimates did not include material costs for fertilizers, herbicides, and pesticides. In the study presented here, all tillage systems had the same fertilizer, herbicide, and pesticide rates.
Results
Crop Residue Cover, Plant Populations, and Yield Response
Tillage significantly affected crop residue cover in 2017 and a tillage × site interaction significantly affected crop residue cover for 2015, 2016, and 2018 (Table 1 ). This interaction manifested as some tillage treatments differing within and between the two sites. In general, CP tended to be significantly lower than STs, STc, and VT, whereas STs, STc, and VT were often similar for both sites with few exceptions. Crop residue cover ranged from 25.6 to 50.0% for CP among years and sites and from 48.3 to 82.5% for STs, STc, and VT.
Site significantly affected plant populations in 2015 and 2017 during the maize phases of the rotation, whereas a tillage × site interaction and tillage significantly affected plant populations in 2016 and 2018, respectively, during the soybean phases of the rotation (Table 1 ). The interaction in 2016 manifested as STs in Barney having significantly higher populations than VT in Barney and all tillage treatments in Fergus Falls (Table 1) . Similarly, the tillage effect in 2018 occurred with STs having significantly higher populations than CP and VT (Table 1) .
Site significantly affected crops yields in 2015 (Table 1) , and a tillage × site interaction significantly affected crop yields for 2016, 2017, and 2018 (Table 1 ). The interaction manifested as some tillage treatments differing between the two sites. For example, soybean yields in STc at the Barney farm were significantly higher than in CP at the Fergus Falls farm during 2016. However, tillage treatments did not differ among each other within each site for any year. In contrast, when sites were analyzed separately, STs maize yielded significantly less than all other tillage systems at Fergus Falls in 2015 and STs and STc soybean yielded significantly higher than the other tillage systems at Barney in 2018.
Soil Properties after Four Years of Tillage
A tillage × site interaction significantly affected fungi/ bacteria ratios (Table 2) , as STs had significantly higher ratios than STc at the Barney site, whereas ratios did not differ among tillage systems at the Fergus Falls site. Tillage did not affect any other soil properties (Table 2) . Numerous site, depth, and site × depth interactions were observed for soil properties, but none included a tillage effect with exception of fungi/bacteria ratios ( Table 2) .
Discussion and Conclusions
This study compared on-farm conservation tillage systems during the initial 4 yr after implementation. Farmers often find these initial years the most challenging due to numerous Fergus Falls, MN 3.42a 3.44a 3.16ab 3.57a † Maize-soybean rotations were used at both sites. Maize was grown in 2015 and 2017 at each site. Soybean was grown in 2016 and 2018 at each site. ‡ Different letters within a year and across both sites are significantly different at the 0.05 probability level using Tukey's test. A mixed linear model was used to test fixed effects of tillage system, site, and their interactions for each year individually.
real and perceived concerns (Bohman et al., 2018) . However, our study provides production-scale empirical data that suggest these concerns do not necessarily translate into yield losses when compared to the standard CP system. Tillage effects within a site were few and mixed (0.17-0.36 Mg ha -1 difference), whereas site effects were common (0.50-3.00 Mg ha -1 difference). Similar to other on-farm studies with multiple sites, the cause of the site effects are likely due to differences in (or combination of) soil type and/or texture, weather, or the individual farmers. Additionally, only the fungi/bacteria ratio was significantly affected by tillage systems. This indicates that biological variables (including crop parameters) may be more responsive to reduced tillage on agricultural fields with a history of tillage than are other soil properties. Therefore, economics and crop-residue cover level for protecting against soil erosion among the tillage practices compared here, and not yield alone, should guide farmer preferences. The mean custom machinery rates for CP, STs, STc, and VT systems were estimated at $283, $229, and $284 USD ha -1 , respectively, for maize and $229, $203, and $192 USD ha -1 , respectively, for soybean. Therefore, even though most soil properties did not differ after 4 yr, the lower on-farm costs and lower socioeconomic externalities (e.g., wind and water erosion, surface nutrient transport, long-term soil productivity losses) of STs, STc, and VT should ease farmers' concerns (Stonehouse, 1997) . 880a † Means pooled across the 0-to 15-cm and 15-to 30-cm soil depths. ‡ Different letters for a soil property and across both sites are significantly different at the 0.05 probability level using Tukey's test. A mixed linear model was used to test fixed effects of tillage system, site, soil depth, and their interactions. No three-way interactions were detected for any soil variable. Soil depth effects and depth-associated two-way interactions are not reported here but are described in the text.
